found that in the presence of legume residues, due-C. Soil C respiration was measured frequently and organic matter (OM) was fractionated into particulate organic matter (POM), humic more ammonium sulfate-N (19%) was transformed into acid, fulvic acid, and humin before and following the incubation.
N itrogen inputs to ecosystems play an important can show shifts in C dynamics under different treatrole in the decomposition of plant residues (Carments. The POM fraction has been shown to be a more reiro et al., 2000; Fog, 1988; Lueken et al., 1962) . Inputs sensitive indicator of the effects of mineral-N additions of mineral-N to agricultural and natural systems have on soil C and N than total SOM (Malhi et al., 2002) . increased as a consequence of anthropogenic activities.
Recent research has also shown that the N content of How increased N-inputs affect litter decomposition and NaOH-extractable mobile humic fractions derived from SOM dynamics is still poorly understood and requires fertilizer-N are affected by crop residue management further study (Adams, 2003; Neff et al., 2002) . Few studpractices (Bird et al., 2003; Devevre and Horwath, 2001 ). ies have looked at the simultaneous fates of decompos-
The POM fraction was shown to cycle the greatest amount ing residue-C and -N (Bird et al., 2003) , and fewer still of fertilizer-N followed by humic and fulvic acids, and have looked at the effect of added mineral-N on resithen humin (Bird et al., 2002) . Since humic fractions are due-C and residue-N transformations.
transformed during NaOH-extraction from soil, these Plant residue-N is the main source of N in stable SOM pools are not a direct measure of original SOM. Humic (Angers et al., 1997; Bird et al., 2003) , especially in fractions are chemically extracted without any relationnatural systems. But, it is not well understood how N ship to soil structure or biological activity. Nevertheless, from residue versus mineral sources not associated with NaOH-extractable humic fractions are useful to charac-C, such as fertilizers and deposition, are transformed terize OM pools representing a range of turnover rates into stable SOM when both are present. Past research and recalcitrance. suggests that there is an opportunity for mineral-N to
The objectives of this study were to determine: (i) be preferentially sequestered in stable SOM over resithe role of mineral-N as an N source for stable SOM-N due-N. Bird et al. (2003) reported divergent pathways of residue C and N during the formation of SOM sugin the presence of residue-N; and (ii) whether mineral-N gesting an uncoupling of processes that affect the fate inputs could potentially increase the movement of residue-C into more stable fractions of SOM-C. We hypothesized that mineral-N contributes more to stable SOM 
MATERIALS AND METHODS
fractions. The remaining samples were treated with their reSoil Sampling spective amendments. Soils were amended with residues in specimen cups, followed by additions of either deionized water The soil was taken from a California rice field cropped or mineral-N solution to establish a final moisture content of continuously for at least 80 yr. The soil was characterized by 55% water holding capacity. The specimen cup was placed in a complex of two soil series: Esquon (fine, mixed, superactive, a 970-mL mason jar with 2 mL of water in the bottom to thermic Xeric Epiaquerts) and Neerdobe (fine, mixed, superprevent desiccation. The jar was then sealed with a modified active, thermic Xeric Duraquerts) (D.W. Burkett, personal Mason jar lid containing a gas sampling septum. Mason jars communication, 2002) .
were incubated under standard conditions in the dark at 25ЊC The top 10 cm of soil was sampled at 20 random positions for 90 d. throughout the field and air-dried to facilitate sieving to 4 mm; roots and large pieces of plant material were removed. The
Gas Sampling
soil was hand-sorted to further remove all OM Ͼ2 mm. The bulk soil contained 16 mg C g Ϫ1 soil and 1.3 mg N g Ϫ1 soil.
On Days 1, 2, 4, 6, 15, 30, 60 , and 90, headspace CO 2 and Texture was 430 mg sand g Ϫ1 soil and 420 mg clay g Ϫ1 soil,
13
CO 2 were determined. Three empty mason jars provided determined by the hydrometer method (Gee and Bauder, the blank (background) CO 2 concentration and C-isotopic 1986). Before the experiment, initial soil samples analyzed composition. 12 mL of headspace gas was transferred into an had 0.2 mg of mineral-N per gram of soil. evacuated container (Exetainer, Labco, UK), and subsequently analyzed by a trace gas-isotope ratio mass spectrometer (TGII-IRMS, PDZ Europa, UK). After each gas sampling, mason
Plant Residue Labeling
jars were opened and allowed to come into equilibrium with Seeds of a medium-grain, short-season rice (Oryza sativa ambient levels of CO 2 . L.) cultivar (M-103) were obtained from the California CoopResidue-derived respiration was calculated using an isoerative Rice Research Foundation. A dilute soil potting media tope-mixing model: composed of rice soil and sand (1:3) was used to maximize uptake of 15 N fertilizer. Half of the pots were left unlabeled
to produce non-
15
N and 13 C-labeled rice residues grown under similar conditions (see below). Plants were fertilized every 2 to 3 wk with half-strength Hoagland solution (Hoagland and where Q res is the residue-derived CO 2 -C respired (g CO 2 -C per g soil); Q t is the total measured respiration of the treatArnon, 1950) with double the recommended concentration of Zn and Fe and zero N. Nitrogen was applied with a separate ment; Q bl is the measured blank; ␦ t is the ␦ PDB of the measured total respiration; ␦ res is the ␦ PDB of the added labeled solution of (NH 4 ) 2 SO 4 with labeled plants receiving 5.0 atom % 15 N-(NH 4 ) 2 SO 4 and unlabeled plants receiving natural isotope residue (3461 Ϯ 0.7); ␦ bl is the ␦ PDB measured from the blanks; and ␦ soil is the ␦ PDB of CO 2 derived from the soil in abundance (NH 4 ) 2 SO 4 . We followed the method of Bird et al. 
ber (Bird et al., 2003 ) every 2 to 3 wk for the first 4 mo and once a week during the final 2 mo of growth. Then, senescing Soil-derived respiration from treatments with added labeled resiplants received a final pulse of 13 CO 2 and were immediately due is calculated as total respiration minus residue-derived moved to a dark drying oven at 30ЊC. Grain was removed and respiration. stover cut just above the root crown. The stover was further dried, milled to 2-mm pieces and sieved such that residue
Soil Organic Matter Fractionation
pieces were between 0.5 and 2 mm. Subsamples were ballmilled and analyzed for C and N content, atom % 15 N and ␦
C by
After 90 d, soil (ෂ15 g) from each treatment replicate was an automated N/C analyzer-isotope ratio mass spectrometer air-dried before SOM fractionation. First, a physical separa-(ANCA-IRMS, Europa Scientific Integra, UK) at the UC tion was undertaken to separate undecomposed OM (Ͼ500 m, Davis Stable Isotope Facility.
the size of the smallest residue pieces added at the beginning of the incubation), POM (53-500 m), and mineral-associated SOM (mSOM Ͻ 53 m). The soil was shaken with sodium hexa-
Residue and Mineral-Nitrogen Incubation
metaphospate (1:3 soil/0.5% HMP) on a reciprocal shaker for The experimental design was a completely randomized de-14 h, then washed through two stacked sieves (500 and 53 m) sign with four main treatments and two controls (four repliwith deionized water. The Ͼ500-m fraction and the POM fraccations). Soil was amended with the four treatments of: (1) tion collected on each sieve were rinsed into aluminum pans consisted of alkali extraction of fulvic and humic acids from unlabeled residue was included to determine whether there the humin, followed by acid precipitation of the humic acid were any differences in the decomposition of the dark-colored supernatant (humic and fulvic acids) was deFor 1 wk before the start of the incubation, the soil was canted off and saved, followed by the addition of 100 mL of pre-incubated at 40% water holding capacity at 25ЊC. On Day 0, five 40-g samples of soil were used to determine the initial, 0.4 M NaOH, and purging with He. This step was repeated (7 times) until the supernatant was colorless. The alkali insoluble residue (humin) was neutralized with concentrated HCl and oven-dried. Humic acids were precipitated from the supernatant (fulvic acids) through the addition of concentrated HCl until pH 1.5 and centrifuged (25 600 ϫg, 10ЊC, 15 min.). All fractions were ground to fine powder, and subsamples were packed in tin capsules and analyzed for C and N content, and 13 C and 15 N isotopic composition by ANCA-IRMS. Five soil samples taken on Day 0 were fractionated to determine initial (pre-amendment) SOM content and distribution in the various pools. These samples had 0.6 Ϯ 0.1 mg undecomposed (Ͼ500 g)-C per g of soil, 3.9 Ϯ 0.2 mg POM-C per g of soil, 1.5 Ϯ 0.1 mg humic acid-C per g of soil, 2.7 Ϯ 0.2 mg fulvic acid-C per g of soil, and 6.4 Ϯ 0.3 mg humin-C per g of soil.
Since the fulvic acid fraction collected also contained inorganic N extracted from the soil, a 10-mL aliquot of the fulvic acid fraction collected for each sample was dialyzed to remove Rancho Dominguez, CA) in deionized water. The remaining solution was freeze-dried and analyzed by ANCA-IRMS to N input, or combinations as treatments. Significant differences determine the percentage of N and 15 N composition of the (P Ͻ 0.05) and trends (P Ͻ 0.1 and P Ͻ 0.2) among treatments fulvic acid and the inorganic N/ 15 N content was calculated and controls were determined using Tukey's Studentized by difference.
Range Test. The fraction (f ) of C derived from residue in any OM fraction was calculated by:
Respiration
Total respiration showed no significant effects at any where ␦ end is ␦PDB of the treatment C; ␦ initial is the ␦PDB of the initial fraction; and ␦ input is the ␦PDB of the labeled residue. amended with mineral-N alone. To evaluate differences in the total, residue-derived and soil-derived CO 2 -C percentN dfl ϭ atompercentexcess end atompercentexcess input ϫ 100 respired in the absence or presence of mineral-N, we compared the treatments that received residue ϩ mineral-N treatments over the entire incuba-
The original OM also changed and redistributed among the tion period (Fig. 1) , resulting in only about 2% of the various pools during the period of the incubation as its own decomposition continued and was impacted by treatment efinitial soil C being mineralized over 90 d.
fects. Some initial OM was also respired, defined earlier as soil-derived respiration, which we measured throughout the shows a trend for a slightly greater amount of new resiset of initial, preincubation soil samples; and F dfi is the amount due-derived C in the residue-only treatment (P Ͻ 0.1).
Carbon and Nitrogen in Organic Matter
of C or N in each fraction derived from inputs.
In the humin, defined as the most stable fraction, a small but significantly higher (P Ͻ 0.05) amount of resiStatistical Analysis due-C is recovered in the mineral-N ϩ residue treatment (163 Ϯ 1 g C g Ϫ1 soil for mineral-N ϩ residue, and
All statistical analyses were performed using the SAS sys-152 Ϯ 3 g C g Ϫ1 soil for residue alone). Total C was tem version 8 (SAS Institute Inc., NC). Data was analyzed using ANOVA (the GLM procedure) with residue, mineralnot significantly different among treatments for any of treatment. A trend of greater soil N transfer into this fraction (P Ͻ 0.2), rather than an accumulation of N inputs, would account for this difference. A net loss of original soil N occurred in the Ͼ500-m fraction (Fig. 3) .
Original soil-N showed a net mineralization with mineral-N ϩ residue addition while residue-only addition showed a net immobilization of the original soil N (Fig. 3) . In Fig. 4 , the recoveries of new N from residue or mineral sources have been normalized for the amount of N added from each source. Except for the fulvic acid fraction, all other SOM fractions had significantly more recovery of residue-N than mineral-N. In the humin mSOM fraction, significantly more mineral-N was re- ered was greater than when mineral-N was added alone, it was still significantly less than the residue-N recovered the SOM fractions (data not shown). in the combination treatment. of the original added residue-C after 90 d remained in Although total N in the humin fraction was not signifithe Ͼ500-m undecomposed fraction (Fig. 2) . Changes cantly different among the treatments after 90 d of incuin the SOM fraction sizes at the end of the experiment, bation (Fig. 3) , new-N accumulation in this fraction was as compared with initial values that cannot be attributed significantly different (Fig. 5) . As the data from Table 1 to labeled additions, suggested that during the course demonstrated and as reiterated in Fig. 5 , more mineral-N of the incubation C moved between the different soil was incorporated with residue addition. However, more fractions, however no significant differences between added-N was transformed into humin N when both additreatments were observed for transferred C (data not tions were added than when either was added alone, shown).
even if the separate effects were added together ( An increase in C mineralization by addition of mineral-N could suggest that less C is sequestered in soil, addition compared with mineral-N alone (Table 1) . Residue-N recovery showed the opposite trend (P Ͻ 0.2), or that faster and/or greater transformation of residue C into stable SOM is occurring from microbial turnover. however, with less residue-N recovery in the mSOM fractions with mineral-N addition (Table 1) . There was
In the present study, mineral-N increased CO 2 respiration by increasing residue-C mineralization without inno significant N-source treatment effect on inorganic N. There was a greater loss of mineral-N during physical creasing the mineralization of soil C (Fig. 1) . This is only an initial response since the residue treatment attains the fractionation in the mineral-N treatment since it was not recovered in the SOM fractions.
same level of total respired C as the mineral-N ϩ residue treatment by the end of the 90-d incubation. This finding Much of the residue-N and mineral-N remained in the Ͼ500-m fraction or inorganic-N fraction, respectively, was consistent with Lueken et al. (1962) who found that adding mineral-N to residue-amended soil increased after 90 d (Fig. 3) . Mineral-N was also recovered in the Ͼ500-m and POM fractions. Meanwhile, the fulvic CO 2 respiration initially, but after 30-d respiration decreased, resulting in similar levels of total respired CO 2 acid fraction showed a trend (P Ͻ 0.2) of more total N in the residue treatment than the mineral-N ϩ residue for both treatments. Thus, total respired C does not 
indicate whether mineral-N inputs cause more or less
There is also evidence that in the early stages of plant decomposition, mineral-N inputs stimulate hydrolysis residue-C to be converted into SOM. However, faster transformation of residue into microbial components of soluble C compounds and nonlignified holocellulose (Berg and Matzner, 1997) . However, our study shows with mineral-N addition may still impact soil C accrual by cycling C sooner into stable pools that are protected.
this effect is lost after 30 to 60 d (Fig. 1) when the difference in residue-derived CO 2 mineralization begins to Jenkinson and Rayner (1985) suggested that added mineral-N might increase the decomposition rate of narrow. At this point, the addition of mineral-N may have rapidly exhausted all labile C. At the end of the incubastraw by satisfying N requirements of microorganisms. 
Mineral-Nitrogen vs. Residue-Nitrogen in Organic Matter Fractions
The greatest mineral-N recovery was in the inorganic N fraction (Fig. 3) with small amounts being sequestered in mSOM. Thus, a majority of it remains in a dynamic state that under field conditions could be lost (leached or denitrified) or taken up by plants. This was also indicated by our lower recovery of 15 N in our mineral-N treatments, especially mineral-N alone. For the mineral-N treatment, the absence of a C-source limits transformation of the N into more stable forms. The greater recovery of mineral-N in the humin and POM fractions shows a larger sequestration of mineral-N into POM and mSOM fractions when a C source is present. Mineral-N that moved into the POM and Ͼ500-m fractions (Fig. 3) humin fraction after a 90-d incubation of soils amended with residue may be attributed to fungal growth in these fractions that cated it into the larger OM fractions to aid decomposition (Frey et al., 2003; Salas et al., 2003) .
Due to the multiple steps involved in fractionations tion, mineral-N levels are still high in these treatments such as the present one, values within 10% are usually (Fig. 3 ). Many studies have also shown that mineral-N well within the error acceptable for recoveries. The inhibits the later-stage lignin decomposers (Henriksen lower recoveries were for treatments with mineral- 
Residue-Carbon in Soil Organic Matter Fractions
While they are not totally equivalent, greater losses Mineral-N inputs lead to a faster formation of recalciseen during the fractionation of certain treatments may trant material (Å gren et al., 2001) possibly from greater indicate that these treatments would likely show relamicrobial turnover (Devê vre and Horwath, 2001) . A tively similar losses in the field. In a sense, this fractionfaster decomposition at early stages of the incubation ation made the incubations, traditionally seen as a closed in the mineral-N input treatment led to a greater movesystem, open systems (as field systems are). Therefore, ment of residue-C into the more decomposed and stable inorganic N values in Fig. 3 , 4, and 5 are underestimahumin fraction at the end of 90 d (Fig. 2) . The increase tions of inorganic N present in the incubated soil after in new residue-C incorporated into the humin with min-90 d, but this does not affect the interpretation of N eral-N input, though small, shows a shift in the equilibpresent in the OM fractions. rium of the stable humin fraction toward a new C accuNormalized for N addition (Fig. 4) , a greater amount mulation. These results indicate potential changes in of residue-N was recovered in all of the OM fractions, soil C storage that could become more important over indicating a preference for residue-N assimilation into time because small short-term differences in decomposi-SOM. This is in contrast to our hypothesis that mintion with mineral-N input can add up to large differences eral-N is the primary contributor to SOM formation. The in long-term storage of SOM (Å gren et al., 2001) . With mechanism for why residue-N would be more likely to continuous mineral-N and residue additions, humin C contribute to stable SOM may be that it is preferentially may be maintained or increase with time.
assimilated by microbes with residue-C into stable byMineral-N may also change the loss of C from the products, or that chemical stabilization mechanisms fahumin pool. Neff et al. (2002) found no significant net vor residue-N from decomposition products. Stable change of soil C due to chronic N inputs in a natural eco-SOM can also be formed when lignin reacts with mineral-N or residue decomposition products and undersystem, but they observed that mineral-N input changed C cycling among the various stable and dynamic pools.
goes other condensation reactions in the first step of humification (Nö mmik and Vahtras, 1982; Berg and Malhi et al. (2002) found the POM fraction to change most with mineral-N addition to bromegrass-amended Matzner, 1997). However, this process requires high pH, which our soil did not have. soil, but total organic C and N did not change nearly as much. Our data is similar in that our treatments There was a trend (P Ͻ 0.2) of less residue-N recovery in mSOM fractions with mineral-N addition, and a trend show no significant differences in the total C in SOM fractions. However, while total C pools were not af-(P Ͻ 0.2) of more mineral-N recovery in the mSOM fractions with residue addition (Table 1 ). This suggests fected by treatments after a 90-d incubation, new C accumulation did show significant differences in the that mineral-N is replacing some of the residue-N that is sequestered when these two inputs are added together. humin and humic acid fractions, indicating new C inputs were maintaining fractions.
However, the source of the N notwithstanding, an added mineral-N when both are added together (Fig. 5) in agronomy. Azam et al. (1985) found that plants took 
